Eight spinel-group minerals were synthesized by a flux-growth method producing spinels with varying composition and Fe 3+ /Fe tot ratios. The mean force constants of iron bonds in these minerals were determined by synchrotron nuclear resonant inelastic X-ray scattering (NRIXS) in order to determine the reduced isotopic partition function ratios (b-factors) of these spinels. The mean force constants are strongly dependent on the Fe 3+ /Fe tot of the spinel but are independent, or weakly dependent on other structural and compositional parameters. From our spectroscopic data, it is found that a single redox-dependent calibration line accounts for the effects of Fe 3+ /Fe tot on the b-factors of spinels. This calibration successfully describes the equilibrium Fe isotopes fractionation factors between spinels and silicates (olivine and pyroxenes). Our predictions are in excellent agreement with independent determinations for the equilibrium Fe isotopic fractionations for the magnetite-fayalite and the magnetite-hedenbergite couples. Our calibration applies to the entire range of Fe 3+ /Fe tot ratios found in natural spinels and provides a basis for interpreting iron isotopic variations documented in mantle peridotites. Except for a few exceptions, most of the samples measured so far are in isotopic disequilibrium, reflecting metasomatism and partial melting processes.
INTRODUCTION
Partitioning of ferrous (Fe 2+ ) and ferric (Fe 3+ ) iron between different minerals and melts can control redox conditions in igneous rocks. For example, the oxygen fugacity (fO 2 ) of lithospheric mantle xenoliths decreases with the depth of provenance (Woodland and Koch, 2003; McCammon and Kopylova, 2004; Yaxley et al., 2012) , which reflects the increasing abundance with depth of Fe 3+ -bearing garnet that limits the availability of oxygen for other redox-sensitive elements (Rohrbach et al., 2007; Stagno et al., 2013) . In other instances, iron partitioning between minerals can be used to trace P-T-fO 2 conditions. For example, the olivine-spinel (O'Neill and Wall, 1987; Ballhaus et al., 1991) and the orthopyroxene-spinel Ganguly, 2002, 2007) Fe-Mg exchange reactions are well-established geothermometers, while the olivine-spinel-orthopyroxene assemblage is frequently used as an oxybarometer (O'Neill and Wall, 1987; Wood, 1990) .
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tracer. In addition to mineral-mineral partitioning, the distribution of cations between different crystallographic sites within spinel has been proposed as a potential geothermometer (e.g., Della Giusta et al., 1996; Lucchesi et al., 1998; Harrison et al., 1998; Uchida et al., 2005) . Typically, the structure of spinel is made up by a cubic close-packed array of oxygen atoms surrounding tetrahedral (T) and octahedral (M) sites. In the so-called 2-3 spinels (studied here), these two non-equivalent cation sites accommodate a large variety of divalent A cations (commonly Mg, Fe 2+ ) and trivalent B cations (commonly Al, Fe 3+ , Cr). The ideal configuration is simply that A cations occupy T sites and B cations occupy M sites. However, this configuration ( IV (A) VI (B) 2 O 4 ) is rarely obeyed. Some degree of octahedral-tetrahedral disorder (degree of inversion) is generally observed: A in M sites and B in T sites. Several studies reported that the degree of inversion strongly depends on the thermal history of the spinels Navrotsky, 1983, 1984; Andreozzi et al., 2001a,b,c; Andreozzi and Lucchesi, 2002) . However, as the bulk composition of spinels exerts a major control on this distribution, its use to derive thermal history is not straightforward.
The Mg and Fe isotopic composition of spinels is emerging as a new petrogenetic tracer. Young et al. (2009) and Liu et al. (2011) found significant Mg isotope fractionation between olivine and spinel in mantle xenoliths that they showed scaled with equilibration temperature. These results were then confirmed by both theoretical (Schauble, 2011) and experimental (Macris et al., 2013) studies. The Fe isotope composition of spinel group minerals (lato sensu, including the ü lvospinel-magnetite series) has also been the focus of much attention but data interpretation of spinel-olivine and spinel-pyroxene fractionations are less straightforward than for Mg isotopes (Beard and Johnson, 2004; Williams et al., 2004 Williams et al., , 2005 Zhao et al., 2010 Zhao et al., , 2014 because iron has multiple oxidation states. Interestingly, Williams et al. (2004 Williams et al. ( , 2005 reported correlations between the Fe isotope signatures of both clinopyroxenes and spinels with several geochemical indices of melt extraction and oxidation, suggesting that iron isotopic fractionation could be used as an oxybarometer. However, in those studies, the effects of late disturbance and metasomatism on mineral-spinel Fe isotopic fractionations, as initially described by Beard and Johnson (2004) , could not be reliably estimated.
Another limitation of the use of Fe isotopes as a thermo-oxybarometer is the lack of mineral-spinel equilibrium fractionation factors for Fe isotopes. Only few experimental and theoretical data are available. Polyakov and Mineev (2000) demonstrated that the valence state of iron affects the reduced isotopic partition function ratios (referred below as b-factor) of spinels. This implies that, all other things being equal during mineral-spinel equilibration, heavy Fe isotopes concentrate preferentially into Fe 3+ -bearing spinels. Shahar et al. (2008) studied the particular case of the equilibrium fractionation between fayalite and magnetite and found that magnetite is indeed enriched in heavy Fe isotopes relative to fayalite.
However, previous studies were restricted to magnetite, whereas both spinel bulk composition and structure may strongly affect the magnitude of the Fe isotope intermineral fractionation. In this study, the synchrotron technique of nuclear resonant inelastic X-ray scattering (NRIXS) is used to derive b-factors of iron isotopes by measuring the force constant of iron bonds Sturhahn et al. 1995; Dauphas et al., 2012 Dauphas et al., , 2014 . Monocrystals of different compositions, (Mg, Fe)(Al, Cr, Fe) 2 O 4 and redox states are explored. Using our spectroscopic data, a positive trend between the b-factors and the redox state is observed and parameterized. We show in particular that our model can account for the measured equilibrium fractionation between magnetite and fayalite (Shahar et al., 2008) and between magnetite and hedenbergite (Dauphas et al., 2007) . Therefore, our model can be used to determine the inter-mineral equilibrium partitioning between spinel-group minerals and coexisting silicates over a range of compositions and the full range of redox states. Finally, as a case study, we compare our predictions to available data on natural peridotites.
EXPERIMENTAL PROCEDURES AND METHODS

Spinel synthesis
Spinels were synthesized in Pt-crucibles using high-purity oxides and FeO with 94% 57 Fe (Cambridge Isotope Laboratory). For NRIXS spectroscopic studies, it is mandatory to avoid any Fe-bearing impurities that would contribute to the collected signal. Therefore, a flux growth method was used because it produces large, euhedral, homogeneous spinels, free of any inclusions that would be produced by other conventional solid-state methods (Andreozzi, 1999; Lenaz and Skogby, 2003) . Sodium tetraborate (Na 2 B 4 O 7 ) was used as flux. The oxides and flux mixtures were melted at 1200°C for 12-24 h, and then cooled at 4°C/h to allow nucleation and growth of single crystals. Mixtures of CO 2 and H 2 diluted with Ar flowing past the sample were used to control the oxygen fugacity (Table 1) . Samples are labeled as Fe(III)x(II)y, where x refers to the atomic percentage of iron in the trivalent sites and y refers to the atomic percentage of iron present in the divalent sites of the spinel. High values of (x + y) therefore refer to spinels rich in iron. After each run, the experimental charges were soaked in 1 M HCl overnight at $50°C to dissolve sodium borate glasses and to recover euhedral spinels. Unanticipated and sudden gas shortages complicated the run for spinels of intermediate redox state [Fe(III) 
Compositional and redox characterizations of synthetic spinels
All the spinels were examined under a microscope and observed to be euhedral (Fig. 1) . Eight grains from each run were picked, polished, and analyzed using a Cameca SX-50 electron probe at the University of Chicago (15 kV, 40 nA). The homogeneity and the lack of any inclusion were confirmed, except for runs Fe(III)41(II)21, Fe(III)31(II)32, Fe(III)25(II)39 as mentioned before (Table 2) .
Spinels in
Fe(III)41(II)21, Fe(III)31(II)32, Fe(III)25(II)39 come from the same experimental run with gas shortage toward the end of the run. These samples cover a large range of compositions and redox ratios (Fe 3+ /Fe tot $ 0.4-0.7). However, the composition and the resulting redox ratio determined by stoichiometry were homogeneous within each of these small grains recovered (Table 2) .
Besides these three small grains, the spinels were crushed into powders and the purity of these samples was further checked using a Bruker D8 Discover X-ray diffractometer equipped with a microfocus tube (Cu, 50 kV, 1 mA). All detected peaks corresponded to spinel and no impurities were found in all powders. Finally, Mö ssbauer spectroscopy was performed on these homogeneous powders ($10-20 lm thickness on Kapton tape) to determine the redox ratios (Fe 3+ /Fe tot ). The Mö ssbauer spectra were collected with a 57 Co source in a Pd matrix, using constant acceleration mode. The zero velocity point was adjusted to coincide with the isomer shift of a-iron to be zero. A VORTEX silicon drift detector was used with an energy resolution of 200 eV at 14.4 keV, providing excellent background rejection. All data presented here were taken at room temperature. No Mö ssbauer spectra were collected for Fe(III)41(II)21, Fe(III)31(II)32, Fe(III)25(II)39 due to their small sizes. For these samples, the redox ratios were calculated from chemical analyses by electron probe. When available, Fe 3+ /Fe tot ratios obtained by Mö ssbauer and electron probe are in good agreement.
NRIXS spectroscopy
Details on the NRIXS (nuclear resonant inelastic X-ray scattering) technique are available in Chumakov and Sturhahn (1999) , Sturhahn et al. (1995) , and Seto et al. (1995) . This technique was first applied to isotope geochem- istry by Polyakov et al. (2005 Polyakov et al. ( , 2007 , who calculated b-factors for Sn and Fe using previously published partial PDOS, g(E). The partial PDOS, g(E) is itself derived from the measured phonon excitation probability density function S(E) using a Fourier-Log inversion. More recently, Dauphas et al. (2012) and Hu et al. (2013) showed that b-factors could be calculated directly from S(E), through the mean force constant, hFi, of the bonds holding iron in position. At the high temperatures relevant to igneous and metamorphic geochemistry, the fractionation between 56 Fe and 54 Fe takes the form:
where T is in K and hFi is proportional to the 3rd central moment of S(E),
with M the mass of 57 Fe, h is the reduced Planck constant, and E R is the free recoil energy. When the derived force constant is higher than 100 N/m, which is the case for most Fe-bearing oxides and silicates, Eq. (1) gives an approximation of the true b-factors with a precision better than 99% down to 300°C. At lower temperature, a more general equation applicable to all temperatures is, 1000 ln b56 Fe= 54 Fe '
where the coefficients A 1 , A 2 , and A 3 can be calculated from the moments of the phonon excitation probability density function S(E) (Eq. (3) of Dauphas et al., 2012) . The NRIXS measurements were performed at beamline 3-ID-B of the Advanced Photon Source (APS) at Argonne National Laboratory. The storage ring was operated in top-up mode with 24 bunches separated by 153 ns. Two APD detectors positioned at 180°from each other and perpendicular to the incident X-ray beam direction were used. The sample was positioned in between those two detectors. Because spinels have cubic structures, crystallographic orientation has no effect on the NRIXS spectrum. This is confirmed by the fact that the same force constants were derived whether analysis was done using single grains or powders of the same sample. As the signal was the greatest when single crystals were used, analyses were performed mostly using single crystals. The average energy resolution (full width at half maximum -FWHM) was 1.33 meV. The monochromator was tuned from $À130 meV to $+130 meV (À150 meV to +150 meV for Fe(III)0(II)27) with a step size of 0.25 meV and a collection time of 2-3 s per step. The number of scans collected per sample depends on its 57 Fe content, and it ranges from 2 to 12 scans. All data were acquired at room pressure and room temperature (299 ± 1 K). Data reduction was done with a Mathematica software (SciPhon 1.0) described in Dauphas et al. (2014) . Its main features are that it calculates all the parameters needed for iron isotope geochemistry, and it propagates all sources of errors (i.e., counting statistics, baseline subtraction, energy scaling) on the derived parameters. 
Spinel compositions and structures
The spinels have very similar chemical and structural properties to those obtained by others using the same synthesis method (Andreozzi 1999; Andreozzi et al., 2001a,b,c; Lenaz and Skogby,2003; Halenius et al. 2002; Lenaz et al. 2006) . Table 3 summarizes the chemical and structural characteristics of spinels synthesized for this study and those from the literature: structural formula, the experimental degree of inversion (i exp ), bond distances (T-O and M-O), the oxygen positional parameter (u) and the cell edge (a). Table 4 summarizes available Mö ssbauer data (literature available for similar spinels and our own data) and derived properties such as redox state and site occupancy.
As detailed below, the Fe 3+ /Fe total ratio is the main property affecting the iron force constant of spinels. Particular attention was thus paid to the determination of this ratio. When possible, redox states were determined by Mö ssbauer spectroscopy ( Fig. 2 and Table 4 ) and electron probe (using oxide stoichiometry; Table 3 ). Within uncertainty (±0.11 in Fe 3+ /Fe total for EMPA determination and ±0.06 for Mö ssbauer determination), all redox ratios computed by stoichiometry are in excellent agreement with redox derived from Mö ssbauer spectroscopy with the exception of Fe(III)4(II)0. Still, for this spinel, our Mö ssbauer data are in complete agreement with data of Lenaz et al. (2006) . The very low iron content and the relatively large uncertainties on the determination of chemical compositions make determining the Fe 3+ /Fe total ratio by stoichiometry difficult for Fe(III)4(II)0. As a consequence, when available, the redox ratios determined by Mö ssbauer spectroscopy were preferred over chemical compositions.
In addition to the highly variable redox state, the total iron content, the degree of inversion, the cell parameters, T-O and M-O mean distances, the oxygen positional parameter (u) and the cation distribution over tetrahedral and octahedral sites vary significantly from one sample to another (Tables 3 and 4) . Our spinels thus document a large array of chemical and structural properties though the analysis of these parameters is beyond the scope of this article (see Andreozzi et al. 2001a,b,c; Halenius et al. 2002; Lenaz et al. 2006 for in depth discussions of these aspects).
Force constants and other parameters derived from NRIXS
The phonon density of states g(E) are derived from the phonon excitation probability density function S(E) measured by NRIXS, (Figs. 3 and A1) . Systematic changes as a function of the redox ratio and of the total iron content are expected. For spinels containing only Fe 3+ (ferric iron), a strong contribution at 29 meV continuously increases as the Fe content increases. This band originates from the vibrations of Fe atoms at the tetrahedral sites (Handke et al., 2005) . This contribution is associated with a long tail and a high-energy contribution centered at 73 meV and also observed in pure magnetite (Handke et al., 2005) . When ferrous iron is progressively added to the spinel structure, these features vanish and the contribution at 29 meV turns to a broad shoulder. Finally, for pure Fe 2+ -bearing spinels, this contribution is very weak and no tail extends to energies higher than 40 meV. Several parameters that can be calculated from S(E) and g(E) are compiled in Table A1 . This compilation includes estimates of the Lamb-Mö ssbauer factor, kinetic energy per atom, force constant, internal energy, vibrational specific heat, vibrational entropy, critical temperature and velocities (Debye, p-wave and s-wave). As the present paper essentially focuses on high temperature isotopic fractionation, only the mean force constant of the iron bonds given by the 3rd moment of S(E) is discussed in detail (Table 5 ). The calculations of the b-factors are then straightforward at temperature above 300°C and using Eq. (1). For the calculation of b-factors at temperatures below $300°C, higher order moments of S(E) are needed (Eq. (3); Dauphas et al., 2012; Hu et al., 2013) and those terms are also compiled in Table A1 .
The force constants of the eight spinels vary from 207 ± 14 to 307 ± 17 N/m. These force constants correlate with the Fe 3+ /Fe tot ratio (Fig. 4) . A linear regression through the Al-bearing spinels gives a slope of 104 ± 17 N/m and a force constant of 196 ± 12 N/m at Fe 3+ /Fe tot = 0. There is no significant correlation between force constants and the total amount of iron present in the spinels (Table 3) . Nonetheless, the Cr-bearing spinel shows a force constant significantly lower than other ferric spinels. This may be due to its extremely low iron content. However, as discussed below, this could also be related to the large chromium content of this spinel. The site distribution of ferric iron has no measurable effect. For instance, it varies significantly among the three oxidized spinels (between 14% and 35% of tetrahedral ferric iron, Table 4 ), yet they share the same force constant (Table 3 ). The degree of inversion (evaluated from previously published crystallographic studies) does not appear as a dominant parameter affecting the force constant either. In detail, from the eight spinels analyzed, only the pure Cr-bearing spinel Fe(III)4(II)0 plots significantly off of the main correlation (Fig. 4) . Its force constant (244 ± 22 N/m) is significantly lower than similarly oxidized Cr-free spinels (296 ± 18 N/m). This is most likely due to the effect of the complete substitution of Cr for Al in the octahedral sites. Mantle spinels contain typically 50-60% Al 2 O 3 and 15-20% Cr 2 O 3 . Therefore, the calibration established on MgFeAl spinels is the one that should be used for application to natural spinels. . These factors were determined from the second order Doppler (SOD) shift in Mö ssbauer spectroscopy. However, the determination of the SOD shift using conventional Mö ssbauer spectra is fraught with difficulties. The positions of the absorption lines shift as a function of temperature for a Table 3 Compilation of compositional and structural data on spinels prepared in comparable conditions (data from Andreozzi et al., 2001a,b,c and Lenaz et al., 2006 Andreozzi et al. (2001a) variety of reasons. Additional complications also arise when a distribution of hyperfine field parameters is caused by changes of chemical or magnetic nature, which is the case in some spinel minerals. For example the b-factors for magnetite proposed by Polyakov and Mineev (2000) were later proven to be inaccurate when NRIXS and new Mö ssbauer data were made available Mineev et al., 2007; Dauphas et al., 2012) .
Magnetite is the only spinel mineral extensively and carefully studied using NRIXS spectroscopy by Polyakov et al. (2007) and Dauphas et al. (2012) . While Polyakov and coworkers used data from Seto et al. (2003) collected on a slightly over-oxidized magnetite, Dauphas and coworkers used unpublished data from APS. Within error bars, the b-factors estimated from these two studies agree. In the present work, we did not analyze pure magnetite. Nonetheless, Fe(III)41(II)21 has the same Fe 3+ /Fe tot (66%) as magnetite but with an FeO content of only 28 wt%. The mean force constant for Fe 3+ /Fe tot = 0.66 is 264 ± 6 N/m based on our regression for Al-bearing spinels, the force constant for magnetite derived from Polyakov et al. (2007) is 228 ± 15 N/m, and that of Dauphas et al. (2014) is 225 ± 16. While the difference in composition may be the cause for the discrepancies in the force constants, we suggest that the reason may be due to the limited energy range over which previous data were collected (typically 80 meV instead of 130 meV in the present study). Handke et al. (2005) collected nuclear inelastic scattering (NIS) spectra of magnetite single spectra and calculated the DOS ab initio within the density functional theory (DFT). Although they show the absence of single phonons above 90 meV, it does not mean that data can be safely truncated at this energy because multi-phonon processes spill into the 100-180 meV range and contribute to S(E). Such high-energy tails have been observed in silicate glasses, silicate and oxide minerals analyzed by Dauphas et al. (2012 Dauphas et al. ( , 2014 and are unambiguously observed in the present study (Fig. A1) . These multi-phonon processes contribute significantly to the mean force constants and therefore, neglecting them leads to systematic underestimation of hFi.
Our NRIXS measurements provide the most exhaustive and self-consistent dataset so far. They show a clear correlation between the redox states and force constants of spinels (Fig. 4) . Literature data also show such a correlation but the trend is different and more scattered (Fig. 4) . The Mg-ferrite studied by Polyakov and Mineev (2000) has a force constant similar to our oxidized Mg-spinel (336 vs. 307 ± 17 to 296 ± 18 N/m, respectively). Conversely, a large difference is found for reduced spinels. While our Fe 2+ -bearing spinels have hFi values around $196 N/m, Polyakov and Mineev (2000) reported values as low as 106 and 100 N/m for 'spinel' and ferrochromite, respectively. Such a difference is not related to composition because the Fe contents were similar in the two studies. This is more likely related to the spectroscopic method employed (SOD shift vs. NRIXS spectroscopy). Such disagreement is also found between the force constants derived from SOD shift by Polyakov and Mineev (2000) and by NRIXS by Dauphas et al. (2014) Mineev et al. (2007; 228 N/m and 199 N/m, respectively) was attributed to the slightly over-oxidized nature of the magnetite used in Polyakov et al. (2007) . This is indeed possible but in that case the redox-dependence of the force constant of spinel would be extreme since the oxidation of the magnetite reported in Polyakov et al. (2007) is only slightly higher than for stoichiometric magnetite (Fig. 4) . Instead, one can hypothesize that the hFi derived by SOD shift for Fe 2+ -rich minerals (including magnetite) is systematically underestimated. The reason for this is unclear and this question should be addressed in future studies. But if hFi values derived from SOD shifts for Fe 2+ -silicates were correct, then metal-silicate partitioning of iron isotopes should lead to significant Fig. 2 . Conventional Mö ssbauer spectra collected on the synthetic spinels at ambient temperature. The best fits to the data are shown as continuous lines. The fit procedure is given in Section 2.2 and fit parameters are provided in Table 4 . 184-199 191 enrichments of light Fe isotopes in silicates. This is not observed in experimental studies and in natural samples for which metal-silicate equilibrium was assessed (Roskosz et al., 2006; Poitrasson et al., 2009; Hin et al., 2012; Jordan and Young, 2014; Shahar et al., 2015) .
Equilibrium fractionation factors between spinels and olivines
Large Fe isotopic variations in spinels (lato sensu, including magnetite) have been reported in igneous rocks and peridotites (e.g., Beard and Johnson, 2004; Williams et al., 2004 Williams et al., , 2005 Johnson et al., 2010; Zhao et al., 2010 Zhao et al., , 2015 and in metamorphic rocks (Dauphas et al., 2007; Frost et al., 2007; Valaas Hysolp et al., 2008) . However, the origin of these variations is generally unclear. In particular, the effects of equilibrium and kinetic fractionations cannot be easily disentangled. The redox calibration presented here can help interpreting such dataset. In particular, a straightforward use of the b-factors determined from our spectroscopic results is the development of geothermometers based on the equilibrium fractionation of Fe isotopes between spinels and other minerals (D 56 Fe Sp-Min ) . This fractionation corresponds to the difference in d-values of two coexisting phases at equilibrium. It is also related to the difference between the b-factors of the coexisting phases through:
where T is in Kelvin. In the following sections we test our redox-dependent calibration of spinel b-factors on two particularly well-documented inter-mineral isotopic fractionations: the spinel-olivine and the spinel-pyroxene systems. Shahar et al. (2008) calibrated experimentally equilibrium the isotopic fractionation between magnetite and fayalite (Fig. 5) . In Fig. 5 , we compare the predicted equilibrium fractionation using our redox-dependent calibration for a spinel containing 66% Fe 3+ with the experimental determination of Shahar et al. (2008) . A good agreement is found (Fig. 5) . Based on the Mö ssbauer dataset of De Grave and Van Alboom (1991), Polyakov and Mineev (2000) estimated the b-factor for olivine (unknown composition) . Combining this with the b-factor of magnetite also derived from Mö ssbauer spectroscopy , the equilibrium fractionation factor between magnetite and olivine can be calculated. The estimate based on Mö ssbauer SOD shift also agrees with experimental data (Fig. 5) . Therefore, it seems that despite the differences between SOD shift-and NRIXS-derived force constants for Fe 2+ -bearing minerals, the inter-mineral fractionation factors are satisfactorily determined by both approaches. Fig. 4 . Iron force constants of spinels as a function of the Fe 3+ /Fe tot . The regressions were calculated using the Isoplot software on the Albearing spinels only. The orange envelope corresponds to the 2 SD of the linear fit to the data (best fit in red). The black doted lines (large dotes) are the best fit to the force constants of basaltic, andesitic and dacitic glasses on one hand and of rhyolitic glasses on the other hand as a function of the redox ratio (Dauphas et al., 2014) . The doted line (small dote) is a guide for the eyes through the data sets of P&M. Literature data are from: P&M: Polyakov and Mineev, 2000; P: Polyakov et al., 2007; M: Mineev et al., 2007; D: Dauphas et al., 2012. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The situation may be different however if metallic iron is involved in the equilibrium as already mentioned.
Equilibrium fractionation factors between spinels and pyroxenes
The same approach was followed for the spinel-pyroxene geothermometer. Again, we considered a spinel lying on the redox trend defined by our whole dataset and containing 66% Fe 3+ . The force constants of Fe 2+ -bearing pyroxenes were taken from NRIXS data for three orthoenstatites from Jackson et al. (2009) . The reason for the significant scatter of these data is unclear but may, once again, result from the truncation of the NRIXS spectra at 80 meV. We thus report the three predictions (one for each pyroxene analyzed by Jackson and coworkers). Here, our predictions are compared to the magnetite-hedenbergite fractionation measured in an equilibrated, fine grain quartz-pyroxene rock sample from the island of Akilia (West Greenland), which experienced granulite facies metamorphism at about 750°C (Griffin et al., 1980; Dauphas et al., 2004 Dauphas et al., , 2007 . For the spinel-pyroxene thermometer, a good agreement is found between our predictions and the data collected on the natural samples (Fig. 5) .
Inter-mineral Fe isotopic fractionations derived from SOD shift for hedenbergite (Polyakov and Mineev, 2000) and for magnetite also provide an excellent agreement with data collected on natural samples (Fig. 5) . As already pointed out for the olivine-magnetite couple, it seems that the differences between the force constants determined from the SOD shift and NRIXS spectra do not affect the quality of the inter-mineral fractionation factors.
The agreement between our prediction and data collected on experimental and natural samples indicates that the compositional dependence of this isotopic thermometer is weak. Furthermore, hedenbergite is a clinopyroxene whereas Jackson et al., 2009 reported data for orthoenstatite. This suggests that everything else being comparable (only Fe 2+ , lack of trivalent cations in pyroxenes), the nature of the pyroxene (ortho vs. clino) may not be a key parameter affecting the Fe isotopes partitioning. Of course, the fact that clinopyroxenes generally contains much more ferric iron than coexisting orthopyroxene (e.g., Canil and O'neill, 1996) must however have a small effect, that may explain why the clinopyroxenes are generally slightly heavier than orthopyroxene and olivines in natural peridotites (Williams et al., 2005; Huang et al., 2011) . Fig. 5 . Equilibrium fractionation as a function of temperature for the couples spinel-olivine and spinel-pyroxene. In order to compare our predictions to available data, the spinel has the same redox ratio as magnetite and all the pyroxenes considered here are pure ferrous endmembers. The envelope correspond to the typical 2 SD on the slope of the predicted trend from this study (using the NRIXS data of Jackson et al., 2009 for En 93) . Literature data are from: P&M: Polyakov and Mineev, 2000; M: Mineev et al., 2007. Iron is found as Fe 2+ and Fe 3+ in mantle-derived pyroxenes (e.g., Canil and O'Neill, 1996) . Therefore, unlike the spinel-olivine couple for which only the Fe 3+ /Fe tot ratio of the spinel needs to be considered, the Fe 3+ /Fe tot of pyroxenes must also be known to readily use this thermometer. In the absence of significant amount of ferric iron in pyroxene, our calibration can be directly applied. When significant ferric iron is present in pyroxene, a correction must be applied. To date, there is no systematic NRIXS study of pyroxenes with varying Fe 3+ /Fe tot . However, it is interesting to note that the trend defined by spinels is very similar to the trends defined by natural glass analogues studied elsewhere (Dauphas et al., 2014) . For (1) spinels, (2) basaltic (including andesitic and dacitic) and (3) rhyolitic glasses, @hF i @ðFe 3þ =FetotÞ ¼ 104 AE 17, 152 ± 40 and 144 ± 32 N/m, respectively. It is therefore reasonable, as a first approximation, to consider a similar redox-dependence for pyroxenes.
Iron isotopes and spinel oxybarometry
The oxygen fugacity of mantle peridotites can be estimated by studying ferrous and ferric iron distribution in spinel, olivine, and pyroxene. An important assumption in the application of spinel-based oxybarometers is that all the phases are in thermodynamic equilibrium but iron isotope measurements have revealed that this is often not the case. A related issue is that interpretations of iron isotopes in the presence of metasomatism and partial melting effects are hampered by a poor knowledge of equilibrium fractionation factors. For instance, Williams et al. (2004 Williams et al. ( , 2005 found correlations between spinel iron isotopic compositions and tracers of partial melting and oxygen fugacity but had to make important assumptions regarding inter-mineral isotopic fractionation factors to model their results. The mean force constants measured here remedy this problem and provide a framework with which to interpret iron isotopic analysis of spinel-bearing rocks and their melting products. The iron isotopic compositions of spinelolivine and spinel-pyroxene mineral pairs can be used in principle to understand the petrogenesis of mantle rocks but the determination of the Fe 3+ /Fe tot ratio of pyroxene from their bulk composition is notoriously inaccurate (Canil and O'Neill, 1996) . For this reason, we only examine the simpler case of the spinel-olivine oxybarometer.
Our NRIXS data were used to predict the effect of the Fe 3+ /Fe tot of the spinels on the equilibrium fractionation between spinel and olivine at a given temperature and pressure (Fig. 6 ). As expected, it depends linearly on the Fe 3+ /Fe tot of the spinel. Moreover, up to 1500 K, a significant enrichment of spinels in heavy isotopes is expected. Also, even when ferric iron is not present in the system, the fractionation is never negative (Fig. 6 ). This result is opposite to previous estimates based on data from Polyakov and Mineev (2000) used in previous studies (Beard and Johnson, 2004; Zhao et al., 2010) . The negative values predicted by this previous model are very rarely measured in nature (Fig. 6 ) and when measured, likely reflect metasomatic overprints (Beard and Johnson, 2004; Johnson et al., 2010) .
Turning to the hypothetical effect of pressure, Huang et al. (2013) have recently shown that Mg isotope fractionations at 1200 K changes by about 0.1& from 0 to 3 GPa when Mg occupies different sites in coexisting minerals (6-fold coordination in olivines and pyroxenes vs. 8-fold coordination in pyrope and majorite). They also found a negligible effect of pressure when magnesium occupies the same site in coexisting minerals. Similar pressuredependence have not been measured or calculated for Fe isotopes so far. Nonetheless, in the geological context of our work, an effect of pressure should not be analytically resolvable. First the smaller mass difference between Fe isotopes (56 vs. 54 for Fe and 26 vs. 24 for Mg) should lead to Fig. 6 . Equilibrium fractionation between spinel and olivine as a function of the Fe 3+ /Fe tot of the spinels. The envelope corresponds to the 2 SD on our linear calibration of the oxybarometer at 1000°C. a smaller variability of the equilibrium fractionation factors. Second, iron is both 4-and 6-fold coordinated in natural spinels and pyroxenes and is 6-fold coordinated in olivine. Therefore, the possible effect of coordination chemistry should be tempered by the coexistence of two coordinations in the mineral of interest. Consequently, the dominant factors controlling Fe isotopes fractionation between spinel, olivine and pyroxenes are temperature and the redox state. In this context, the coupled study of Fe and Mg isotopes, on the same grains, could bring converging and independent information on P, T and fO 2 that prevailed during the mineral equilibration.
Our predictions are compared to available data for natural peridotites and igneous rocks for which petrological description of coexisting minerals (including spinel ferric/ ferrous ratios) were available (Beard and Johnson, 2004; Williams et al., 2004 Williams et al., , 2005 Johnson et al., 2010; Zhao et al., 2010 Zhao et al., , 2015 Fig. 6) . The scatter in the data set indicates, as pointed out by most authors, that isotopic equilibrium is rarely observed. From all these samples, only the Mg-peridotites from Yangyuan, (China) show limited variation in the degree of partial melting and of silicate melt metasomatism (Zhao et al., 2015) . These samples fall close to the spinel-olivine equilibrium isotopic fractionation line predicted by the NRIXS results presented here. Fig. 6 is drawn for an equilibrium temperature of 1000°C, as determined from petrological thermometers (Zhao et al., 2015) . In any case, it is clear from this data compilation that Mg-peridotites from Yangyuan are indeed in isotopic equilibrium whereas other samples from various studies show a lot more scatter, suggesting disequilibrium possibly associated with metasomatic and partial melting events as initially suggested by Beard and Johnson (2004) .
Finally, the calibration presented here rules out the initial assertion that isotopic data from Williams et al. (2004 Williams et al. ( , 2005 may reflect the redox state of the host mantle prevailing during the equilibration of the samples. Indeed, the results reported in those studies do not align along any redox-dependent trend, at any temperature. The very large fractionation observed for relatively reduced spinel could not result from isotopic equilibration in a closed system. These data essentially records complex and highly variable metasomatic episodes as alternatively proposed in Williams et al. (2005) . Iron isotopic analyses of mineral separates and bulk rocks of peridotites thus provide a new tracer of the petrogenesis of mantle-derived rocks.
CONCLUSION
NRIXS spectroscopy offers the opportunity to calibrate equilibrium Fe isotopic fractionation between minerals and melts without the need for experimental equilibrations in extreme P, T, fO 2 conditions, which can easily be compromised by kinetic isotope fractionations. Nonetheless, this method still needs to be tested against independently determined inter-mineral isotopic fractionation data in order to demonstrate its accuracy. In this work, such comparison was carried out, with success, for the spinel-olivine and spinel-pyroxene systems.
The b-factors determined by NRIXS show moderate yet significant discrepancies with previous estimates from Mö ssbauer measurements. While more work is needed to fully demonstrate the advantage of NRIXS over Mö ssbauer on determining b-factors, a consistent NRIXS dataset can already be used to explain Fe isotopic variations in natural rocks (Dauphas et al., 2014; this study) .
The proposed calibration is particularly useful in recognizing disequilibrium between coexisting minerals, caused by metasomatic and partial melting events. In this respect, the use of the spinel-olivine assemblage is important because these minerals are ubiquitous in rocks from planetary mantles. The experimental calibration of equilibrium iron isotopic fractionation between those two minerals shows that the redox state of the spinel is the main mineralogical parameter controlling the magnitude of the inter-mineral fractionation (on top of the usual temperature dependence). Except in rare case of an extensive substitution of Cr for Al (and potentially of Zn for Mg), no significant correction is needed to account for the compositional variability of natural mantle spinels. The same remark also holds for olivine and pyroxenes.
The spinel b-factors reported here are applied to published data of inter-mineral iron isotopic fractionations and it is shown that except for the Mg-fertile peridotites from China, most samples studied thus far display evidence for isotopic disequilibrium between coexisting minerals, indicating overprint by metasomatism and partial melting processes. Iron isotopes are thus powerful tracers of the petrogenesis of mantle rocks and their melt products. The results presented here are only relevant to the spinel stability field and it is currently unknown to what extent iron isotopes can be fractionated between minerals and melts at higher pressure in the garnet stability field. Fig. A1 . Two measured phonon excitation probability density function S(E) of a fully oxidized and a fully reduced spinel. Both spectra show unambiguous signal at energies higher than 90 meV.
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